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Abstract

Interleukin-1� (IL-1�) is a prototypical multifunctional cytokine that plays an important role in intestinal inflammation of Crohn’s disease
and other inflammatory conditions of the gut. Previous studies have shown that IL-1� causes an increase in intestinal epithelial tight
junction (TJ) permeability both in in vivo animal and in vitro cell culture model systems. The IL-1�-induced increase in intestinal epithelial
TJ permeability has been postulated to be an important pathogenic mechanism contributing to intestinal inflammation. However, the 
signalling pathways and the molecular processes that mediate the IL-1� modulation of intestinal epithelial TJ barrier remain unclear.
Here, we show that the IL-1�-induced increase in Caco-2 monolayer TJ permeability was mediated by activation of extracellular signal-
regulated kinases 1/2 (ERK1/2) signalling pathway and that inhibition of ERK1/2 activity inhibits the IL-1�-induced increase in Caco-2
TJ permeability. The activation of ERK1/2 pathway caused a downstream activation of nuclear transcription factor Elk-1. The activated
Elk-1 translocated to the nucleus and binds to the cis-binding motif on myosin light chain kinase (MLCK) promoter region, triggering
MLCK gene activation, MLCK mRNA transcription and MLCK protein synthesis and MLCK catalysed opening of the intestinal epithelial
TJ barrier. These studies provide novel insight into the cellular and molecular processes that mediate the IL-1�-induced increase in
intestinal epithelial TJ permeability.
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Introduction

Interleukin-1� (IL-1�) is a prototypical multifunctional cytokine that
plays an important role in intestinal inflammation of Crohn’s disease
(CD) and other inflammatory conditions of the gut [1–3]. CD is an
immune mediated disorder characterized by chronic, relapsing
inflammation of the gastrointestinal tract [4]. IL-1� is markedly ele-
vated in intestinal tissue and serum of CD patients and a correlation
between increasing levels of IL-1� and increasing severity of intes-
tinal inflammation has been demonstrated in patients with CD [5].
An imbalance in IL-1� levels and its naturally occurring antagonist

IL-1 receptor antagonist (IL-1ra) occurs in CD patients such that
there is an excess of pro-inflammatory and deficiency of 
anti-inflammatory forms of IL-1 [6–8]. IL-1� gene polymorphism
also exists in CD patients that determine the severity of intestinal
inflammation in the affected patients [7, 9, 10]. Thus, IL-1� has
been identified as an important pro-inflammatory mediator of CD
and therapeutic strategies to inhibit IL-1� are being explored [3, 8].

An integral function of epithelial cells lining the intestinal tract
is to act as a physical and functional barrier against noxious sub-
stances present in the intestinal lumen [11]. The bi-lipid apical
membrane of the enterocytes is an effective barrier against tran-
scellular permeation of passively absorbed hydrophilic substances
present in the lumen [11, 12]. The intercellular tight junctions
(TJs) that encircle the enterocytes at the apico-lateral membrane
border act as a barrier against permeation of hydrophilic substances
in-between cells (referred to as paracellular barrier function) 
[11, 12]. It is well established that patients with CD have a defective
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intestinal TJ barrier characterized by an increase in intestinal per-
meability to paracellular markers [13–15]. The defective TJ barrier
allows paracellular permeation of luminal antigens that stimulate
inflammatory response [11, 13]. Clinical studies have shown that
therapeutic re-tightening of the intestinal TJ barrier is associated with
rapid clinical improvement and prolonged clinical remission [16–18],
and persistent elevation in intestinal permeability following medical
therapy have been shown to be predictive of refractory disease and
early recurrence of the disease [16, 18, 19].

It is well established that IL-1� causes an increase in intestinal
epithelial TJ permeability in vivo and in vitro [20–22]. Previous
studies from our laboratory suggested that the IL-1�-induced
increase in Caco-2 monolayer TJ permeability was mediated by an
increase in myosin light chain kinase (MLCK) gene and protein
expression and that inhibition of MLCK synthesis or MLCK activ-
ity prevented the IL-1�-induced increase in TJ permeability [20].
However, the intracellular signalling pathways and the molecular
processes responsible for the increase in MLCK gene and protein
expression and the increase in intestinal TJ permeability remain
unknown. The major purpose of this study was to delineate the
signalling pathway and the molecular mechanisms that mediate
the IL-1�-induced increase in intestinal TJ permeability using a
commonly used in vitro intestinal epithelial model system consist-
ing of filter-grown Caco-2 intestinal epithelial monolayers [20, 23].

Previous studies have shown that many of the pro-inflamma-
tory actions of IL-1� are mediated by mitogen-activated protein
kinases (MAPK) [24, 25]. Extracellular regulated protein kinase 1/2
(ERK1/2) is a key member of MAPK family of proteins and has been
found to play an important role in mediating some of the biological
actions of IL-1� [26, 27]. ERK1/2 pathways play an integral role in
signal transduction processes leading to regulation of cell growth
[28], differentiation [29] and gene activity that culminate in the pro-
duction of cytokines, chemokines, adhesion molecules and effector
proteins [30]. In this study, we examined the possibility that
ERK1/2 signalling pathway plays a key role in the regulation of 
IL-1�-induced increase in intestinal epithelial TJ permeability. Our
data show that IL-1�-induced activation of ERK1/2 pathways was
required for the increase in intestinal TJ permeability. Additionally,
our data provide new insight into the cellular and molecular
processes that mediate the ERK1/2 kinase-induced activation of
MLCK gene and increase in Caco-2 monolayer TJ permeability.

Materials and methods

Chemicals

Cell culture media (DMEM), trypsin, foetal bovine serum (FBS) and related
reagents were purchased from Life Technologies (Gaithersburg, MD, USA).
Glutamine, penicillin, streptomycin and PBS were purchased from GIBCO-
BRL (Grand Island, NY, USA). Anti-ERK1/2 (ERK1/2), Elk-1(Ets-like gene 1),
phosphor-ERK1/2, MLCK, AP-1 (activator protein-1) and anti-�-actin 
antibodies were obtained from Sigma (St. Louis, MO, USA). Horseradish 

peroxidase (HRP)-conjugated secondary antibodies for Western blot
analysis were purchased from Invitrogen (San Francisco, CA, USA). SiRNA
of ERK1/2, MLCK, Elk-1 and AP-1 and transfection reagents were obtained
from Dharmacon (Lafayette, CO, USA). ERK1/2 inhibitor 2�-amino-3�-
methoxyflavone (PD-98059) was purchased from Sigma. All other chemi-
cals were purchased from Sigma, VWR (West Chester, PA, USA) or Fisher
Scientific (Pittsburgh, PA, USA).

Cell cultures

Caco-2 cells (passage 18) were purchased from the American Type Culture
Collection (Rockville, MD, USA) and maintained at 37�C in a culture medium
composed of DMEM with 4.5 mg/ml glucose, 50 U/ml penicillin, 50 U/ml
streptomycin, 4 mM glutamine, 25 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) and 10% FBS. The cells were kept at 37�C in
a 5% CO2 environment. Culture medium was changed every 2 days. Caco-2
cells were subcultured after partial digestion with 0.25% trypsin and 0.9 mM
ethylenediaminetetraacetic acid (EDTA) in Ca2�- and Mg2�-free PBS.

Determination of epithelial monolayer resistance
and paracellular permeability

An epithelial voltohmeter (World Precision Instruments, Sarasota, FL,
USA) was used for measurements of the transepithelial electrical resist-
ance (TER) of the filter-grown Caco-2 intestinal monolayers as previously
reported [31]. The effect of IL-1� on Caco-2 paracellular permeability was
determined using an established paracellular marker inulin (m.w. � 5000
g/mol) [32]. For determination of mucosal-to-serosal flux rates of inulin,
Caco-2-plated filters having epithelial resistance of 400–500 �.cm2 were
used. Known concentrations of permeability marker (2 �M) and its
radioactive tracer were added to the apical solution. Low concentrations of
permeability marker were used to ensure that negligible osmotic or con-
centration gradient was introduced.

Assessment of protein expression by Western 
blot analysis

Caco-2 monolayers were treated with IL-1� (10 ng/ml) for varying time
periods. At the end of the experimental period, Caco-2 monolayers were
immediately rinsed with ice-cold PBS, and cells were lysed with lysis buffer
(50 mM Tris.HCl, pH 7.5, 150 mM NaCl, 500 �M NaF, 2 mM EDTA, 100 �M
vanadate, 100 �M phenylmethylsulfonyl fluoride (PMSF), 1 �g/ml leu-
peptin, 1 �g/ml pepstatin A, 40 mM paranitrophenyl phosphate, 1 �g/ml
aprotinin and 1% Triton X-100) and scraped, and the cell lysates were
placed in Microfuge tubes. Cell lysates were centrifuged to yield a clear
lysate. Supernatant was collected, and protein measurement was performed
with Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA).
Laemmli gel loading buffer was added to the lysate containing 10–20 �g of
protein and boiled for 7 min., after which proteins were separated on SDS-
PAGE gel. Proteins from the gel were transferred to the membrane (Trans-
Blot Transfer Medium, Nitrocellulose Membrane; Bio-Rad Laboratories)
overnight. The membrane was incubated for 2 hrs in blocking solution [5%
dry milk in tris buffered saline (TBS)-Tween 20 buffer]. The membrane was
incubated with appropriate primary antibodies in blocking solution. After
being washed in TBS-1% Tween buffer, the membrane was incubated in
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appropriate secondary antibodies and developed using the Santa Cruz
Western Blotting Luminol Reagents (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) on the Kodak BioMax MS film (Fisher Scientific).

RNA isolation and reverse transcription

Caco-2 cells (5 	 105/filter) were seeded into 6-well transwell permeable
inserts and grown to confluency. Filter-grown Caco-2 cells were then
treated with appropriate experimental reagents for desired time periods. At
the end of the experimental period, cells were washed twice with ice-cold
PBS. Total RNA was isolated using Qiagen RNeasy Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s protocol. Total RNA concentra-
tion was determined by absorbance at 260/280 nm using SpectrraMax 190
(Molecular Devices, Sunnyvale, CA, USA). The reverse transcription (RT)
was carried out using the GeneAmp Gold RNA PCR core kit (Applied
Biosystems, Foster City, CA, USA). Two micrograms of total RNA from
each sample were reverse transcribed into cDNA in a 40-�l reaction con-
taining 1	 RT-PCR buffer, 2.5 mM MgCl2, 250 �M of each dNTP, 20 U
RNase inhibitor, 10 mM DL-Dithiothreitol (DTT), 1.25 �M random hexamer
and 30 U multiscribe RT. The RT reactions were performed in a thermocy-
cler (PTC-100, MJ Research, Waltham, MA, USA) at 25�C for 10 min., 42�C
for 30 min. and 95�C for 5 min.

Quantification of gene expression using 
real-time PCR

The real-time PCRs were carried out using ABI prism 7900 sequence
detection system and Taqman universal PCR master mix kit (Applied
Biosystems, Branchburg, NJ, USA) as previously described [32, 33]. Each
real-time PCR reaction contained 10 �l RT reaction mix, 25 �l 2	 Taqman
universal PCR master mix, 0.2 �M probe and 0.6 �M primers. Primer and
probe design for the real-time PCR was made with Primer Express version
2 from Applied Biosystems. [The primers used in this study are as follows:
MLCK specific primer pairs consisted of 5�-AGGAAGGCAGCATTGAGGTTT-
3� [forward], 5�-GCTTTCAGCAGGCAGAGGTAA-3� [reverse]; probe spe-
cific for MLCK consisted of FAM 5�-TGAAGATGCTGGCTCC-3� TAMRA; the
internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-
specific primer pairs consisted of 5�-CCACCCATGGCAAATTCC-3� [for-
ward], 5�-TGGGATTTCCATTGATGACCAG-3� [reverse]; probe specific for
GAPDH consisted of JOE 5�-TGGCACCGTCAAGGCTGAGAACG-3� TAMRA.]
All runs were performed according to the default PCR protocol (50�C for 2
min., 95�C for 10 min., 40 cycles of 95�C for 15 sec. and 60�C for 1 min.).
For each sample, real-time PCR reactions were performed in triplicate, and
the average threshold cycle (Ct) was calculated. A standard curve was gen-
erated to convert the Ct to copy numbers. Expression of MLCK mRNA was
normalized with GAPDH mRNA expression. The average copy number of
MLCK mRNA expression in control samples was set to 1.0. The relative
expression of MLCK mRNA in treated samples was determined as a fold
increase compared with control samples.

SiRNA of ERK1/2, MLCK, Elk-1 and AP-1

Targeted siRNAs were obtained from Dharmacon, Inc. (Chicago, IL, USA).
Caco-2 monolayers were transiently transfected using DharmaFect trans-
fection reagent (Lafayette). Briefly, 5 	 105 cells/filter were seeded into a
12-well transwell plate and grown to confluency. Caco-2 monolayers were

then washed with PBS twice and 1.0 ml Opti-Minimum Essential Media
(MEM) medium was added to the apical compartment of each filter and 
1.5 ml were added to the basolateral compartment of each filter. Five
nanograms of the siRNA of interest and 2 �l of DharmaFect reagent were
pre-incubated in Opti-MEM. After 5 min. of incubation, two solutions were
mixed and incubated for another 20 min., and the mixture was added to the
apical compartment of each filter. The IL-1� experiments were carried out
96 hrs after transfection. The efficiency of silencing was confirmed by
Western blot analysis.

ELISA-based in vitro ERK1/2 kinase activity

Biotinylated myelin basic protein (MBP) was diluted in PBS and coated on
streptavidin 96-well plates at 37�C for 1 hr. The plates were washed three
times with PBS, incubated with blocking solution (1 mg/ml bovine serum
albumin in PBS) at 37�C for 1 hr, and then washed three times with PBS.
The kinase reaction buffer (90 �l) (20 mM Tris/HCl pH7.5, 10 mM MgCl2,

50 mM NaCl, 1 mM DTT, 1 mM NaF, 50 �M ATP) provided by the manufac-
turer (MBL International, Woburn, MA, USA) and the samples containing
immunoprecipitated ERK1/2 (10 �l) were added to each well, and the kinase
reaction (phosphorylation of MBP) was carried out at 37�C for 30–60 min.
The reaction was stopped by removing the reaction mixtures and washing
the plates three times with washing buffer (20 mM Tris-HCl at pH 7.4, 
0.5 M NaCl and 0.05% Tween 20). The washed plates were incubated with
the anti-phospho-MBP antibody (5 ng/ml) at room temperature for 1 hr. The
plates were washed four times with washing buffer, and goat anti-rabbit IgG
antibody (diluted at 1:2000 in washing buffer) was added to the wells, and
the plates were incubated at 37�C for 1 hr. The plates were then washed four
times and incubated with 100 �l substrate solution tetramethylbenzidine at
37�C for 5–15 min. A stop solution containing 0.5 N H2SO4 (100 �l) was
added to stop the reaction. The absorbance at 450 nm was determined
using the SpectrraMax 190 (Molecular Devices).

Nuclear extracts and ELISA for transcription 
factor activation

Filter-grown Caco-2 monolayers were treated with 10 ng/ml IL-1� for 
30 min. Caco-2 monolayers were washed with ice-cold PBS, scraped, 
collected and centrifuged at 14,000 rpm for 30 sec. The cell pellets 
were resuspended in 200 �l of buffer A (in millimoles: 10 HEPES-KOH, 
1.5 MgCl2, 10 KCl, 0.5 DTT and 0.2 PMSF [pH 7.9]), and incubated on ice
for 15 min. After centrifugation at 14,000 rpm for 30 sec., pelleted nuclei
were resuspended in 30 �l of buffer C (in millimoles: 20 HEPES-KOH (25%
glycerol), 420 NaCl, 1.5 MgCl2, 0.2 EDTA, 0.5 DTT and 0.2 PMSF [pH 7.9]).
After incubation on ice for 20 min., the lysates were centrifuged at 
14,000 rpm for 20 min. Protein concentrations were determined using the
Bradford method. The Elk-1, AP-1 and Signal Transducers and Activator-1
(STAT-1) DNA-binding assay was performed with Trans-AM ELISA-based
kits from Active Motif according to the manufacturer’s protocol. In brief,
the binding reactions contained 1 pM biotinylated probe (Integrated DNA
Technologies, Coralville, IA, USA) and 5 �g of nuclear extract in complete
binding buffer with a total volume of 50 �l. After 30 min. of incubation, the
solution was transferred to an individual well on 96-well plate and incu-
bated for 1 hr. Appropriate antibody (2 �g/ml) was added to the well to
bind the target protein in nuclear extract. After incubation for 1 hr, the anti-
body was removed, and 100 �l of HRP-conjugated secondary antibody
was added to the well and incubated for 1 hr. Subsequently, 100 �l of
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developing solution was added for 2–10 min., and 100 �l of stop solution
were added. The absorbance at 450 nm was determined using the
SpectraMax 190 (Molecular Devices).

Cloning of the full length MLCK promoter region
and deletion constructs

The MLCK promoter region was cloned using GenomeWalker system
(Clontech, Mountain View, CA, USA). A 2091-bp DNA fragment (–2109 to
–18) was amplified by PCR. The amplification condition was 1 cycle at
94�C for 2 min., followed by 43 cycles at 94�C for 1 min., 50�C for 1 min.
and 72�C for 2 min. and 1 cycle at 72�C for 5 min. The resultant PCR prod-
uct was digested with HindIII and KpnI and inserted into pGL3-basic
luciferase reporter vector (Promega, Madison, WI, USA). The sequence
was confirmed by DNA services at the University of New Mexico.
Construction of MLCK promoter reporter plasmids was carried out using
the pGL-3 basic luciferase reporter vector. Deletions of MLCK promoter
were done by the PCR method. The primers used for cloning two MLCK
promoter deletion constructs are listed in Table 1. The PCR conditions
were 1 cycle at 94�C for 2 min., followed by 43 cycles at 94�C for 1 min.,
50�C for 1 min. and 72�C for 2 min. and 1 cycle at 72�C for 5 min. The
resultant PCR products were cloned into pGL-3 basic luciferase reporter
vector and the sequences were confirmed.

Transfection of DNA constructs and assessment 
of promoter activity

DNA constructs of MLCK promoters were transiently transfected into
Caco-2 cells using transfection reagent lipofectamine 2000 (Life
Technologies). Renilla luciferase vector (pRL-TK, Promega) was cotrans-
fected with each plasmid construct as an internal control. Cells (5 	

105/filter) were seeded into a 6-well transwell plate and grown to conflu-
ency. Caco-2 monolayers were then washed with PBS twice and 1.0 ml
Opti-MEM medium was added to the apical compartment of each filter and
1.5 ml were added to the basolateral compartment of each filter. One
microgram of each plasmid construct and 0.25 �g pRL-TK or 2 �l lipofec-
tamine 2000 was preincubated in 250 �l Opti-MEM, respectively. After 
5 min. of incubation, two solutions were mixed and incubated for another
20 min., and the mixture was added to the apical compartment of each 
filter. After incubation for 3 hrs at 37�C, 500 �l DMEM containing 10% FBS
were added to both sides of the filter to reach a 2.5% final concentration
of FBS. Subsequently, media were replaced with normal Caco-2 growth
media 16 hrs after transfection. Specific experiments were carried out 
48 hrs after transfection. At the completion of specific experimental treat-
ments, Caco-2 cells were washed twice with 1 ml ice-cold PBS, followed
by the addition of 400 �l 1	 passive lysis buffer, incubated at room tem-

perature for 15 min., scraped and transferred into an Eppendorf tube, and
centrifuged for 15 sec. at 13,000 rpm in a microcentrifuge. Luciferase
activity was determined using the dual luciferase assay kit (Promega).
Twenty microlitres of the supernatant were used for each assay. Luciferase
values were determined by Lumat LB 9507 (EG&G Berthold, Oak Ridge,
TN, USA). The value of reporter luciferase activities were then divided by
that of renilla luciferase activities to normalize for differences in transfec-
tion efficiencies. The average activity value of the control samples was set
to 1.0. The luciferase activity of MLCK promoter in treated samples was
determined relative to the control samples.

Site-directed mutagenesis

Mutagenesis of MLCK promoter was performed with the GeneTailor Site-
Directed Mutagenesis System (Invitrogen). Briefly, primers (Mutant
primer: forward: 5�-CTGCAGGAAGGCAGCTCCCACAATTCCTTCTTTCTACC-
CCTGCCA-3�; reverse primer: 5�-TGGGAGCTGCCTTCCTGCAGGTGAAAG-
GCA-3�) were generated that included the mutation site flanked by a wild-
type sequence on either side. A PCR reaction produced a new complete
copy of the plasmid containing the mutation coded for by the primers. The
linear PCR product was subsequently transformed into DH5-T1
Escherichia coli, which circularized the PCR product and digested any
remaining parent plasmid. DNA sequence was then verified by DNA serv-
ices at the University of New Mexico.

Statistical analysis

Results are expressed as means 
 S.E. Statistical significance of differ-
ences between mean values was assessed with Student’s t-tests for
unpaired data and ANOVA analysis whenever was required. All reported 
significance levels represent two-tailed P-values. A P-value of �0.05 was
used to indicate statistical significance. Each experiment was performed in
triplicate or quadruplicates (n � 3 or 4) and all experiments were repeated
three to six times to ensure reproducibility.

Results

ERK1/2 signalling pathway mediates the IL-1�
induced increase in Caco-2 TJ permeability

The signalling pathways that regulate the IL-1�-induced increase
in intestinal epithelial TJ permeability remain unknown. In the fol-
lowing studies, we examined the possibility that the IL-1�-induced
increase in Caco-2 monolayer TJ permeability was regulated by
ERK1/2 signalling pathways. The time-course effect of IL-1�

(10 ng/ml) on ERK1/2 activation was determined by measuring
ERK1/2 phosphorylation in filter-grown Caco-2 monolayers and
by in vitro kinase assay of immunoprecipitated ERK1/2. IL-1�

(10 ng/ml) caused a rapid increase in ERK1/2 phosphorylation in
Caco-2 cells starting at about 10 min. and continuing up to 60 min.
as determined by phospho-ERK1/2 immunoblotting (Fig. 1A). The
total ERK1/2 level was not affected by the IL-1� treatment 

Table 1 Sequences of cloning primers

Primer name Sequence (5�-3�)

FL-MLCK (�) GCCGGTACCGAGAAGCAGGAGAGTATTAAATG

MLCK-929 (�) CGGGGTACCCTCTGCCCTCTTGACTTAATC

MLCK-313 (�) GCCGGTACCATGGCCTTCCTCCCTCACCCCT
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(Fig. 1A). The IL-1� effect on ERK1/2 kinase activity was also
determined by an ELISA-based in vitro kinase assay. Following 
IL-1� treatment of filter-grown Caco-2 monolayers, Caco-2 cells
were lysed and ERK1/2 immunoprecipitated using ERK1/2 anti-
body. The kinase activity of immunoprecipitated ERK1/2 was
measured in vitro using MBP as the substrate as described in the
Methods section. IL-1� caused a rapid increase in Caco-2 ERK1/2
kinase activity starting at about 5–10 min. (Fig 1B). The IL-1�-
induced increase in ERK1/2 kinase activity paralleled the increase
in ERK1/2 phosphorylation. These results indicated that IL-1�

causes a rapid activation (within minutes) of ERK1/2.
To determine the involvement of ERK1/2 pathway in IL-1�-

induced increase in Caco-2 TJ permeability, the effect of ERK1/2
inhibition was examined. The IL-1� effect on Caco-2 TJ perme-
ability was determined by measuring TER and transepithelial flux
rate of paracellular marker inulin (Fig. 2A and B) [20, 32]. IL-1�

caused a progressive drop in Caco-2 TER and an increase in
transepithelial flux of inulin starting at about 12 hrs (Fig. 2A and
B). The ERK1/2 inhibitor PD98059 (100 �M) inhibited the IL-1�-
induced activation of ERK1/2 (Fig. 2C) and prevented the drop in
TER (Fig. 2D) and the increase in inulin flux (Fig. 2E). These
results showed that IL-1�-induced increase in Caco-2 TJ perme-
ability required ERK1/2 activation. To further validate the require-

ment of ERK1/2 on IL-1� effect on Caco-2 TJ permeability,
ERK1/2 expression was knocked down by Caco-2 transfection of
ERK1/2 siRNA. The transfection of ERK1/2 siRNA caused a near-
complete depletion of ERK1/2 in filter-grown Caco-2 monolayers
(Fig. 3A). The knockdown of ERK1/2 inhibited the IL-1�-induced
drop in Caco-2 TER (Fig. 3B) and increase in inulin flux (Fig. 3C),
confirming the regulatory role of ERK1/2 in IL-1�-induced
increase in Caco-2 TJ permeability.

ERK1/2 signalling pathway is involved in the 
regulation of MLCK gene and protein expression

Previous studies from our laboratory indicated that the IL-1�-
induced increase in Caco-2 TJ permeability was mediated by an
increase in MLCK protein expression and activity [20]. However, the
intracellular pathways and the molecular processes involved in the
IL-1� regulation of MLCK gene and protein expression remain
unclear. In the following studies, we examined the possibility that
ERK1/2 pathways also mediate the IL-1�-induced up-regulation of
MLCK gene and protein expression. As shown in Figure 4A and B, 
IL-1� caused an increase in Caco-2 MLCK protein and mRNA
expression. The siRNA-induced knockdown of MLCK inhibited the
IL-1�-induced drop in Caco-2 TER [20] and increase in inulin flux
(Fig. 4C). The inhibition of ERK1/2 activity with pharmacologic
inhibitor PD 98059 (100 �M) inhibited the IL-1�-induced increase in
MLCK mRNA and protein expression (Fig. 4B and D). The siRNA-
induced knockdown of Caco-2 ERK1/2 also inhibited the IL-1�-
induced increase in MLCK mRNA and protein level (Fig. 4E and F).
These findings indicated that ERK1/2 signalling pathway was
involved in IL-1� regulation of MLCK mRNA and protein expression.

IL-1� induces MLCK promoter activation

To delineate the molecular processes involved in IL-1� modulation
of MLCK mRNA and protein expression, the IL-1� effect on MLCK
promoter activity was determined. The IL-1� effect on MLCK 
promoter activity was determined by measuring luciferase 
activity (reporter gene) following transfection of filter-grown 
Caco-2 monolayers with plasmid vector containing the MLCK pro-
moter region [34]. The IL-1� (10 ng/ml) treatment of MLCK 
promoter transfected Caco-2 cells resulted in an increase in MLCK
promoter activity (Fig. 5), indicating that IL-1� has a stimulatory
effect on MLCK gene activity.

Elk-1 regulates the ERK1/2 signalling cascade
induced increase in MLCK gene expression

In the following series of studies, the nuclear transcription factors
involved in IL-1�/ERK1/2 signalling pathway induced increase in
Caco-2 MLCK mRNA and protein was determined. Previous 
studies in different cell types suggested that transcription factors

Fig. 1 Time-course effect of IL-1� on Caco-2 ERK1/2 activation. (A)
Time-course effect of IL-1� (10 ng/ml) on Caco-2 ERK1/2 phosphoryla-
tion (total ERK1/2 was used for equal protein loading). (B) Time-course
effect of IL-1� on ERK1/2 activity was determined by ELISA-based 
in vitro kinase activity using MBP as the substrate. IL-1� caused a time-
dependent increase in Caco-2 ERK1/2 activity (means 
 S.E., n � 4).
*P � 0.001 versus control.
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Fig. 2 Effect of ERK1/2 inhibition by pharmacologic inhibitor (PD-98059) (100 �M) on Caco-2 ERK1/2 activity, TER, and paracellular permeability. (A)
The effect of IL-1� (10 ng/ml) on Caco-2 TER and (B) mucosal-to-serosal flux of paracellular marker inulin (2 �M) were measured sequentially over
the 72-hr experimental period as described in the section ‘Materials and methods’. IL-1� caused a time-dependent drop in Caco-2 TER and increase in
paracellular permeability to inulin (C) PD-98059 (100 �M) pre-treatment inhibited the IL-1�-induced increase in ERK1/2 in vitro kinase activity. *P �

0.001 versus control; **P � 0.001 versus IL-1�. (D) PD-98059 prevented the IL-1�-induced drop in Caco-2 TER. *P � 0.001 versus control; **P �

0.001 versus IL-1�. (E) pre-treatment with PD-98059 prevented the IL-1� increase in mucosal-to-serosal inulin flux (means 
 S.E., n � 5). *P � 0.001
versus control; **P � 0.001 versus IL-1� treatment.

Fig. 3 Effect of siRNA-induced ERK1/2 knockdown on IL-1�-induced increase in Caco-2 TJ permeability. (A) ERK1/2 siRNA transfection resulted in a
near complete depletion in ERK1/2 protein expression as determined by Western blot analysis. (B) ERK1/2 siRNA transfection prevented the IL-1�-
induced drop in Caco-2 TER. (C) ERK1/2 siRNA transfection prevented the IL-1�-induced increase in inulin flux (means 
 S.E., n � 5). *P � 0.001
versus control; **P � 0.001 versus IL-1� treatment.
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AP-1, Elk-1 and STAT-1 may be involved in IL-1� and ERK1/2 
regulation of various biological activities [25, 35]. Using
Genomatix/Promoter Inspector software, transcription factor
binding sequences for AP-1, Elk-1 and STAT-1 were identified on
the MLCK promoter region, suggesting the possibility that these
transcription factors may have a regulatory role on MLCK gene
activity. The IL-1� effect on transcription factor activation was
determined by binding of the activated transcription factors to
their respective DNA binding site using ELISA-based DNA binding
assay [32, 36]. IL-1� treatment of Caco-2 cells resulted in an acti-
vation of Elk-1 and AP-1 but not STAT-1 (Fig. 6A–C), suggesting
that AP-1 or Elk-1 (but not STAT-1) may be involved in IL-1� mod-
ulation of MLCK gene expression. Next, the involvement of AP-1
or Elk-1 in IL-1�-induced increase in MLCK mRNA and protein
was determined by selective knockdown of AP-1 or Elk-1 via siRNA
transfection. The siRNA-induced knockdown of AP-1 (Fig. 7A) did
not affect the IL-1�-induced increase in MLCK gene or protein
level (Fig. 7B and C). In contrast, siRNA-induced knockdown of
Elk-1 (Fig. 8A) almost completely inhibited the IL-1�-induced
increase in Caco-2 MLCK mRNA and protein levels (Fig. 8B and C).
The siRNA-induced knockdown of Elk-1 also inhibited the IL-1�-
induced drop in Caco-2 TER (Fig. 8D) and increase in inulin flux

Fig. 4 ERK1/2 inhibition prevented the IL-1�-induced up-regulation of Caco-2 MLCK. (A) Time-course effect of IL-1� on Caco-2 MLCK protein expression
(�-actin was used as an internal control for protein loading). (B) IL-1� treatment caused an increase in Caco-2 MLCK mRNA. ERK1/2 inhibitor PD-
98059 prevented the increase in MLCK mRNA levels. MLCK mRNA level was expressed relative to the control level which was assigned a value of 1.
The average copy number of MLCK mRNA in controls was 4.63 	 1011 (means 
 S.E., n � 5). *P � 0.001 versus control; **P � 0.001 versus
IL-1� treatment. (C) MLCK siRNA transfection prevented the IL-1�-induced drop in Caco-2 TER. (D) MLCK siRNA-induced knockdown prevented the
IL-1�-induced increase in inulin flux (means 
 S.E., n � 5). *P � 0.001 versus control; **P � 0.001 versus IL-1� treatment. (E) ERK1/2 inhibitor PD-
98059 prevented the IL-1�-induced up-regulation of MLCK protein expression. Effect of siRNA ERK1/2 transfection on IL-1�-induced increase in MLCK
mRNA level (F) and increase in MLCK protein expression (G). siRNA-induced knockdown of ERK1/2 prevented the IL-1�-induced increase in MLCK
mRNA and MLCK protein levels (means 
 S.E., n � 4). *P � 0.001 versus control; **P � 0.001 versus IL-1� treatment.

Fig. 5 IL-1� effect on MLCK promoter activity. IL-1� effect on the activity
of the full-length MLCK promoter region (2091bp) in Caco-2 monolayers.
pGL-3 basic vector containing the MLCK promoter region was transfected
into the filter-grown Caco-2 cells. Caco-2 cells were treated with IL-1�

(10 ng/ml) for 6 hrs. The MLCK promoter activity was determined by the
luciferase assay and expressed as relative luciferase activity (means 
 S.E.,
n � 8). *P � 0.0001 versus control.
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(Fig. 8E). Together, these results indicated that Elk-1 was required
for the IL-1�-induced increase in MLCK gene and protein expres-
sion and increase in Caco-2 monolayer TJ permeability. Next, the
involvement of ERK1/2 signalling pathway on Elk-1 activation was
determined. The inhibition of IL-1�-induced activation of ERK1/2
by PD-98059 (100 �M) inhibited the activation of Elk-1 (Fig. 9).

Elk-1 regulates the MLCK promoter activity

To ascertain the molecular processes involved in IL-1� regulation of
MLCK gene transcription, the involvement of Elk-1 in the regulation
of MLCK promoter activity was determined. The siRNA knockdown
of Elk-1 resulted in an inhibition of IL-1�-induced increase in MLCK
promoter activity (Fig. 10), suggesting that Elk-1 was required for the
activation of MLCK promoter. Next, to delineate the molecular deter-
minants involved in IL-1� modulation of MLCK promoter activity,

Elk-1 binding sequences were identified using Genomatix/Promoter
Inspector software. Two Elk-1 binding motifs were identified on
MLCK promoter region at –1118 to –1102 (TGGCCTTCCTCCCTC)
designated as ‘site A’ and at –310 to –296 (GAAAATGGAAGTCCAAG)
designated as ‘site B’ (Fig. 11A). Three MLCK promoter deletion
constructs were generated that contained both Elk-1 binding 
sites (A and B) or those containing only the downstream binding
site B (located within the minimal promoter region) (Fig. 11A).
(The minimal MLCK promoter region had been previously 
localized between –313 and �118 [20].) Following IL-1�

treatment, deletion constructs encoding only binding site B
(MLCK-929 or MLCK –313) had a similar proportional increase in
promoter activity as the full length (FL) promoter region contain-
ing both sites A and B (Fig. 11B and C), suggesting that binding
site B (located within the MLCK minimal promoter region) was 
sufficient to cause an increase in MLCK promoter activity. To fur-
ther validate the involvement of site B in the regulation of MLCK

Fig. 6 ELISA-based DNA binding assay of transcription factors Elk-1, AP-1 and STAT-1. (A and B) IL-1� treatment caused a significant increase in Caco-2
Elk-1 and AP-1 binding to the DNA probe. (C) IL-1� did not affect STAT-1 binding to its DNA binding site in Caco-2 monolayers (means 
 S.E., n � 4).
*P � 0.0001 versus control. Relative activity of transcription factors was determined by comparing the relative binding of the activated transcription
factor of interest to its DNA binding site following IL-1� treated cells versus control cells.

Fig. 7 siRNA-induced AP-1 knockdown did not prevent IL-1�-induced increase in Caco-2 MLCK protein expression. (A) AP-1 siRNA transfection
resulted in a near complete depletion in AP-1 protein expression as determined by Western blot analysis. (B) AP-1 siRNA transfection did not prevent
the IL-1�-induced increase in Caco-2 MLCK mRNA levels (means 
 S.E., n � 5). *P � 0.001 versus control. (C) AP-1 siRNA transfection did not inhibit
the IL-1�-induced up-regulation of Caco-2 MLCK protein expression.
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promoter activity, the binding site B was mutated via site-directed
mutagenesis. The mutation of site B inhibited the increase in
MLCK –313 promoter activity (Fig. 11D), confirming the require-
ment of site B for the up-regulation of promoter activity. Lastly, the
effect of siRNA-induced silencing of Elk-1 on IL-1�-induced

increase in MLCK promoter activity in MLCK –313 was deter-
mined. The siRNA-induced knockdown of Elk-1 inhibited the 
IL-1�-induced increase in promoter activity in MLCK –313 
(Fig. 11E). In combination, these data indicated that Elk-1 binding
site B located within the minimal promoter region was the 

Fig. 8 siRNA-induced Elk-1 knockdown prevented the IL-1�-induced increase in Caco-2 MLCK mRNA and protein expression. (A) Elk-1 siRNA trans-
fection resulted in a near complete depletion in Elk-1 protein expression. (B) Elk-1 siRNA transfection significantly prevented the IL-1�-induced increase
in Caco-2 MLCK mRNA levels (means 
 S.E., n � 5). *P � 0.001 versus control; **P � 0.001 versus IL-1� treatment. (C) Elk-1 silencing by siRNA
transfection abolished the IL-1� up-regulation of Caco-2 MLCK protein expression. (D) Elk-1 siRNA transfection prevented the IL-1�-induced drop in
Caco-2 TER (n � 4). *P � 0.001 versus control; **P � 0.001 versus IL-1� treatment. (E) Elk-1 silencing inhibited the IL-1� increase in mucosal-to-
serosal inulin flux (n � 5). *P � 0.0001 versus control; **P � 0.0001 versus IL-1� treatment.

Fig. 9 Effect of ERK1/2 inhibitor PD-98059 on Elk-1 activity. ERK1/2
inhibitor PD-98059 (100 �M) prevented the IL-1�-induced activation 
of Elk-1 as assessed by ELISA-binding assay (means 
 S.E., n � 5). 
*P � 0.0001 versus control; **P � 0.001 versus IL-1� treatment.

Fig. 10 Elk-1 knockdown by siRNA transfection prevented the IL-1�-
induced increase in MLCK promoter activity as assessed by luciferase
activity. Caco-2 monolayers were co-transfected with siRNA Elk-1 for 
96 hrs before IL-1� treatment (means 
 S.E., n � 8). *P � 0.0001 
versus control; **P � 0.0001 versus IL-1� treatment.
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regulatory site responsible for mediating the Elk-1 activation of
MLCK promoter activity.

Discussion

The cellular and molecular mechanisms that mediate IL-1� regu-
lation of intestinal epithelial TJ barrier remain unclear. Previous
studies from our laboratory indicated that the IL-1�-induced
increase in Caco-2 monolayer TJ permeability was mediated by an
increase in MLCK protein level and enzymatic activity [20]. In
these studies, the inhibition of MLCK protein expression or activ-
ity prevented the IL-1�-induced increase in Caco-2 TJ permeabil-
ity [20]. The major aim of the present study was to delineate the
signalling pathway and the molecular mechanisms involved in IL-
1� modulation of intestinal epithelial TJ barrier using filter-grown
Caco-2 monolayers as the intestinal epithelial model system. Our
data indicated that the IL-1�-induced increase in Caco-2 TJ 
permeability was mediated by activation of ERK1/2 signalling 
cascade. Additionally, our data showed that nuclear transcription 

factor Elk-1 played a key intermediary role in the regulation of
Caco-2 TJ barrier function by targeting the MLCK promoter activity.

The pro-inflammatory cytokines including IFN-�, TNF- and
IL-1� cause a disturbance in intestinal TJ barrier as demonstrated
by an increase in intestinal TJ permeability [32, 37, 38]. In 
contrast, anti-inflammatory cytokine IL-10 causes an enhance-
ment in the epithelial TJ barrier function [39, 40]. The cytokine-
induced alteration in intestinal TJ barrier has been shown to be an
important pathogenic factor in the development of intestinal
inflammation in murine models of intestinal inflammation [33]. It
has been previously shown that the development of enterocolitis
in IL-10�/� mice (an immune model of inflammatory bowel dis-
ease) is preceded by an initial increase in intestinal permeability
[39], suggesting the possibility that an early defect in intestinal TJ
barrier may allow an influx of noxious luminal antigens that lead
to inflammatory response. In studying the causal relationship
between intestinal TJ barrier defect and development of intestinal
inflammation in IL-10�/� mouse, Madsen and co-workers
recently showed that pharmacologic enhancement of intestinal TJ
barrier in IL-10�/� mouse by oral administration of zonulin pep-
tide inhibitor AT-1001 prevented the development of enterocolitis

Fig. 11 (A) Schematic diagram of the DNA constructs of MLCK promoter (–2109 to –18) containing different combinations of Elk-1 binding sites. The
Elk-1 binding sites (A) (GAAAATGGAAGTCCAAG) and (B) (TGGCCTTCCTCCCTC) are represented in black. (B) Effect of IL-1� on the deletion construct
of MLCK promoter region (–929 to �118) lacking the downstream Elk-1 binding site (A). IL-1� caused a similar proportional increase in MLCK
luciferase activity as compared to the FL construct (means 
 S.E., n � 8). *P � 0.001 versus control. (C) IL-1� treatment caused a significant increase
in MLCK promoter activity of the deletion construct (–313 to �118) containing only the cis-binding site (B) in Caco-2 monolayers (means 
 S.E., 
n � 8). *P � 0.0001 versus control. (D) Site directed mutagenesis of Elk-1 binding site (B) (TGGCCTTCCTCCCTC) on MLCK –313 prevented the 
IL-1�-induced increase in MLCK –313 promoter activity (means 
 S.E., n � 5). *P � 0.001 versus control. (E) Effect of Elk-1 siRNA co-transfection
on the IL-1�-induced increase in MLCK –313 promoter activity. Elk-1 silencing completely prevented the IL-1�-induced increase in MLCK luciferase
activity (means 
 S.E., n � 8). *P � 0.0001 versus control; **P � 0.0001 versus IL-1� treatment.
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in IL-10�/� mice and they concluded that ‘in the IL-10�/� mouse,
abnormal small intestinal permeability not only precedes the devel-
opment of colitis but is etiologically important’ [41]. Similarly, in
other murine models of intestinal inflammation, the maintenance of
intestinal TJ barrier function also prevented the development of
intestinal inflammation or inflammation associated clinical seque-
lae [42–44]. Thus, elucidating the intracellular signalling pathways
and the molecular processes involved in cytokine modulation of
intestinal TJ barrier has great significance in understanding the
basic physiology of TJ barrier regulation and in developing poten-
tial therapeutic targets to enhance or preserve the intestinal TJ bar-
rier function during inflammatory conditions of the gut.

Our results indicated that the IL-1�-induced increase in Caco-2
intestinal epithelial TJ permeability was mediated by ERK1/2 sig-
nalling pathway. Our data showed that ERK1/2 activation preceded

the IL-1�-induced increase in Caco-2 TJ permeability and inhibi-
tion of ERK1/2 activity prevented the increase in TJ permeability.
This is the first study to show that ERK1/2 signalling cascade
plays a regulatory role in the modulation of intestinal epithelial TJ
barrier. In other studies in intestinal epithelial cell systems,
ERK1/2 inhibition did not have any effect on intestinal TJ barrier
regulation [45, 46]. Reardon et al. reported that the inhibition of
ERK1/2 pathway did not affect IFN-�-induced increase in T84 TJ
permeability [45]. Similarly, Savkovic et al. reported that inhibition
of ERK1/2 activation did not prevent the enteropathogenic E. coli
induced increase in T84 TJ permeability [46]. In contrast, our pres-
ent data show that ERK1/2 signalling cascade plays an essential
role in IL-1� regulation of Caco-2 TJ barrier function. (In separate
studies, we also found that IL-1� treatment (10 ng/ml) causes a
drop in T84 TER, and that the decrease in T84 TER required acti-
vation of ERK1/2 signalling pathway [data not shown].)

Previous studies from our laboratory indicated that the IL-1�-
induced increase in Caco-2 TJ permeability was regulated by an
increase in MLCK gene and protein expression [20]. These studies
showed that the inhibition of IL-1�-induced increase in MLCK tran-
scription or MLCK protein synthesis inhibited the increase in Caco-
2 TJ permeability, leading to the conclusion that the IL-1� effect on
intestinal epithelial TJ permeability was due to an increase in
expression of downstream effector protein MLCK [20]. Our present
data expand on those findings to show that IL-1� increase in MLCK
gene and protein expression was mediated in part by the activation
of ERK1/2 signalling pathway. Our data showed that the inhibition
of ERK1/2 activity prevented the IL-1� increase in MLCK gene and
protein level and Caco-2 TJ permeability. Thus, our results sug-
gested that the IL-1�-induced increase in Caco-2 TJ permeability
was mediated by ERK1/2 signalling pathway regulation of MLCK
gene and protein expression. As for the intracellular mechanisms
that mediate the MLCK modulation of intestinal TJ barrier, previous
studies have suggested that peri-junctional acto-myosin filaments
are involved in the TJ barrier opening [47–49]. In brief, these stud-
ies showed that MLCK catalyses the phosphorylation of peri-junc-
tional myosin light chain, which in turn, causes a sequential activa-
tion of myosin-Mg�� ATPase and ATP-dependent contraction of
peri-junctional actin/myosin filaments [47]. The contraction of peri-
junctional actomyosin filaments cause mechanical tension near the
cellular junctions, leading to a tension-induced retraction of apical
membrane and opening of the TJs [47–49].

Our studies also identified Elk-1 as the transcription factor that
mediated the IL-1�/ERK1/2 modulation of Caco-2 TJ permeability.
Elk-1 belongs to the ETS domain transcription factor family and the
ternary complex factor subfamily [50]. Elk-1 forms a ternary com-
plex with the serum response factor protein and binds the serum
response element, inducing an activation of target gene activity.
Elk-1 contains two domains that serve as docking region for MAP
kinases that cause phosphorylation at the C-terminal domain [50].
The Elk-1 phosphorylation is critical for the transcriptional regula-
tion. Our results suggested that the IL-1�-induced activation of 
Elk-1 was also dependent on ERK1/2 signalling cascade. The inhi-
bition of ERK1/2 activation prevented the IL-1�-induced activation

Fig. 12 Proposed scheme of the IL-1�-induced increase in intestinal
epithelial TJ permeability. IL-1� treatment resulted in activation of ERK1/2
signalling cascade, which then caused an activation of Elk-1- and Elk-1-
induced activation of MLCK gene and increase in MLCK protein expres-
sion (* indicated activation of ERK1/2 and Elk-1 upon phosphorylation).
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of Elk-1. Our data also showed that Elk-1 played an essential role
in IL-1� up-regulation of MLCK gene expression. Although poten-
tial binding sites for other ERK1/2 activated transcription factors
STAT-1 and AP-1 were also present on the MLCK promoter region,
only Elk-1 appeared to have a regulatory role in MLCK mRNA
expression. Consistent with our previous data showing the
requirement of MLCK up-regulation in IL-1� modulation of TJ bar-
rier, our present data also indicated that Elk-1 modulation of Caco-
2 TJ barrier was due to an increase in MLCK gene and protein
expression. Our data indicated that Elk-1 activation was required
for both the increase in MLCK expression and increase in Caco-2
TJ permeability and that knockdown of MLCK prevented the
increase in TJ permeability. As far as we are aware, this is the first
study to show that Elk-1 plays a regulatory role in TJ barrier mod-
ulation. Interestingly, in previous studies, we also showed that NF-
�B activation was required for the IL-1�-induced increase in
MLCK gene and protein expression [20]. This appears that both
Elk-1 and NF-�B play a critical role in mediating IL-1� regulation
of MLCK gene expression. Although the precise mechanisms
involved in Elk-1 and NF-�B modulation of MLCK gene activity
remain unknown, we suggest that NF-�B and Elk-1 interact with
each other to affect their binding to the MLCK promoter and the
subsequent activation of MLCK promoter. Further studies are
needed to fully elucidate the molecular interaction between NF-�B
and Elk-1 that leads to MLCK gene activation.

In this study, we also examined some of the molecular interac-
tions involved in the IL-1� regulation of MLCK gene activity. First,
we showed that the increase in MLCK mRNA expression was due
to an increase in MLCK promoter activity. Our studies also indi-

cated that ERK1/2 activation caused a downstream activation of
Elk-1. The activated Elk-1 translocated to the nucleus, binding to
the cis-binding motif located within the minimal promoter region
(�310 to �296). The Elk-1 binding to the cis-binding site caused
an activation of MLCK promoter, and sequential increase in MLCK
transcription and translation.

In conclusion, our data provide new insight into the intracellular
pathway and the molecular processes that mediate the IL-1�-
induced increase in intestinal epithelial TJ permeability. Our studies
show that the IL-1�-induced increase in Caco-2 TJ permeability
was mediated by an activation of ERK1/2 signalling cascade 
(Fig. 12). The ERK1/2 signalling pathway activation caused a
downstream activation of transcription factor Elk-1. The activated
Elk-1 binds to the cis-binding motif on the MLCK promoter to
cause an activation of MLCK promoter activity, resulting in an
increase in MLCK protein synthesis and MLCK catalysed opening
of the intestinal epithelial TJ barrier (Fig. 12). Thus, our results
show for the first time that ERK1/2 signalling pathways and tran-
scription factor Elk-1 play an essential regulatory role in IL-1�

regulation of intestinal epithelial TJ barrier function.
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